The ultraviolet and far-ultraviolet spectra of HD 147888 allows to access the ν=0 as well as higher vibrational levels of the ground H 2 electronic level. We have determined column densities of the H 2 molecule on vibrational levels ν=0-5 and rotational levels J=0-6. The ortho to para H 2 ratio for the excited vibrational states equals to 1.2. For the lowest vibrational state ν = 0 and rotational level J=1 the ortho to para H 2 ratio is only 0.16. The temperature of ortho-para thermodynamical equilibrium is T OP = 43 ± 3 K.
Introduction
The molecular hydrogen is the most common molecule in the interstellar medium. First detection of H 2 on vibrationally excited levels was performed by Federman et al. (1995) in HST (Hubble Space Telescope) spectrum of ζ Oph. A rich spectrum of vibrationally excited hydrogen molecule was described by Meyer et al. (2001) in the HST STIS (Space Telescope Imaging Spectrograph) spectrum of HD 37903. They have also noticed that vibrationally excited H 2 is present in the cloud towards HD 147888.
The presence of both FUSE (Far Ultraviolet Spectroscopic Explorer) and HST STIS spectra for HD 147888 (ρ Oph D) gives us a rare opportunity to measure column density of H 2 energy levels excited by fluorescence (ν > 0) and also by collisions (ν=0). In a consequence we can calculate a PDR model which is well constrained by density and by the ultraviolet radiation flux (star-cloud distance).
Observations
We have used HST STIS spectrum o59s05010 to obtain column densities on vibrationally excited H 2 levels. The STIS spectrum consists of 2 subexposures which were combined into a single spectrum ranging from 1160 Å to 1356.8 Å. The column densities of the ground vibrational levels (ν"=0) were determined from the FUSE spectra P1161501016-19. These spectra were averaged using the IRAF tasks poffsets and specalign. from 904 Å to 1188 Å. We have used FUSE spectra from the following detectors 1blif4, 2alif4 and 1alif4 which have the best quality. The whole HST STIS spectrum was fitted at once with a synthetic spectrum consisting of 355 H 2 absorption lines. The cloud velocity and column densities of all vibrationally excited levels were free parameters. The H 2 spectral line positions and oscillator strengths were adopted from Abgrall et al. (1994) . A fragment of HST spectrum together with a fit to the whole HST spectrum is shown on fig. 1 .
Each transition from ground ν=0 J=0,1 levels to vibrationally excited levels of the B electronic level were fitted independently in the FUSE spectrum. We have calculated column densities from the following transitions: (0,0), (1,0), (2,0), (3,0) and (4,0). The first digit in parentheses denotes the upper vibrational level of the B electronic state. The second digit (always 0) is the vibrational level of the ground electronic level X. At each point of the synthetic spectrum optical depth of spectral lines lying no more than 30 Å were summed. The point spread function (PSF) for the FUSE spectra was a Gauss function with FWHM=15 km/s (Jensen et al. (2010) ). The natural line widths were given by Abgrall et al. (2000) . A synthetic spectrum together with the FUSE observation is shown on fig. 2 
Noise robustness
Some of the H 2 absorption lines in the HST spectrum are at the noise level (eg. absorption lines from the ν = 1 level). Therefore we have tested the robustness of the fit against noise. The noise observed on the HST STIS spectrum is about 1% at 1360 Å and 3% at 1160 Å. We have added Gaussian noise of amplitude A to the best fit synthetic spec- trum. The points of the generated noisy spectrum are at the same wavelengths as the HST spectrum used previously in the fitting procedure. The Gaussian noise has standard deviation σ = 1. The spectrum with noise was generated using the formula F A = F f it (1 + A(−0.01λ + 14.6) · 0.01 · GaussianNoise), where the factor (−0.01λ+14.6)% reflects the changing noise amplitude in the original HST spectrum. The amplitude A = 1 reflects the noise level in the original HST spectrum. The F f it is a synthetic spectrum that represents the best fit to the observed HST STIS spectra.
Next we have performed a fit to the generated spectrum F A and obtained new column densities by fitting a new synthetic spectrum to the noisy one. All fits to the noisy spectrum were performed with Doppler broadening parameter fixed to b = 2.5 km/s. The cloud velocity and all column densities for ν ≥ 1 were free parameters. The continuum level was common for all fits. In order to evaluate the error introduced by noise of various magnitude A we have cal- culated a sum of squared relative errors:
The symbol N A represents column density calculated from spectrum with noise amplitude A. The results are shown on fig. 4 . Even for the noise amplitude 5.5 times larger then in the HST spectra the resulting column densities errors are significantly less to the 60 % errors in the best fit column densities. Errors about 60 % are common for H 2 column densities derived from the HST spectra (see tab. 1). So the fitting procedure is very robust against the noise. Note however, that if the original HST spectrum had the noise 5 times larger, then the continuum placement would be problematic or even impossible.
Temperatures
The total observed column density of molecular hydrogen is equal to N(H 2 )=(3.74 ± 0.36) · 10 20 . The column density of atomic hydrogen N(HI)=(5.7 ± 1.1) · 10 21 cm −2 was determined by Cartledge et al. (2006) . The resulting molecular fraction of hydrogen f (H 2 ) = 2N(H 2 )/(N(HI) + 2N(H 2 )) = 0.11 ± 0.02. The ortho-para H 2 ratio for vibrational levels ν ≥1 is O/P=1.23±0.21. However the ortho-para H 2 ratio on the ν=0 J=1 level is significantly lower. It was calculated using the method presented by Wilgenbus et al. (2000) and is equal to 0.16
The temperature of ortho-para H 2 equilibrium T OP was derived from the equation:
where N(J) are the column densities, E(J) is the energy on the J level (ν=0) and g(J) is the statistical weight
The temperature of ortho-para H 2 equilibrium T OP = 43 ± 3 K, similar to the value T OP = 45 ± 3 K derived by Jensen et al. (2010) . The T 02 rotational temperature involves only para-H 2 levels and was calculated from equation analogous to eq. 2. The T 02 rotational temperature equals to 92 ± 7 K (Jensen et al. (2010) gives T 02 = 88 ± 1 K).
The rotational temperature was also calculated for each vibrational level. The rotational temperature is the inverse of line inclination taken with the minus sign on a plot: ln(N/g) versus E/k (see fig. 3 ). The line inclination was calculated with the linear regression method separately for ortho and para H 2 spin isomers. The resulting temperatures are presented on fig. 5 . The vibrational level ν=0 is populated by both collisions and fluorescence and cannot be fitted with a single temperature.
For each excited vibrational level the points on the ln(N/g) versus E/k plot ( fig. 3 ) are perfectly placed on a straight line (separately ortho and para states). The correlation coefficient is between 0.92 and 0.996. The agreement with the Boltzmann distribution confirms the correctness of the H 2 column densities.
Models
We have used the Meudon PDR code (Le Petit et al., 2006) to calculate the model of interstellar cloud in front of HD 147888. We have calculated isobaric models with exact radiative transfer in all H 2 spectral lines. The interstellar radiation field on the ob- server side was always 1 Draine unit. The turbulent velocity was set to v turb =2 km/s and the star spectral type to B3V. The interstellar reddening E(B-V)=0.47, R V =4.06 and A V =1.91 were adopted from Rachford et al. (2009) . The first PDR model was chosen among 1290 models by minimizing the difference of relative H 2 abundances observed in the cloud towards HD 147888 and calculated in a PDR model:
The weights w ν were chosen so, that the levels usually excited by fluorescence (ν > 0) have the some influence on the final sum, as the ν = 0 level excited collisionally. The weights w ν were equal to 5 for ν=0 and 1 otherwise. The first PDR model has a star-cloud distance of 0.44 pc. The interstellar radiation field on the star side is equal to 500 Draine units. The hydrogen density varies from 127 cm −3 on the star side to 539 cm −3 near the observers side. The gas kinetic temperature changes from 359 K on the star side to 90 K on the observer's cloud side. In this cloud model the ortho/para H 2 ratio for vibrationally excited states equals to 1.5.
Our second model was selected by minimizing the difference between the observed and calculated column densities:
A model chosen using the above formula has to reproduce the H 2 column densities. Our attempts to find a model satisfying the formula led to an unphysical model for the cloud in front of HD 37903. However we decided to present such model of the cloud towards HD 147888 for comparison purposes, as it has the hydrogen density at the observer side close to the density presented by Jensen et al. (2010) . The PDR model presented by Jensen et al. (2010) has n H =2000 cm −3 . However, this model did not take into account the H 2 molecules in excited vibrational levels (ν >0).
In the second model the hydrogen density varies from n H = 18300 cm −3 near the observers side to n H = 2604 cm −3 on the star side. The temperature changes from T = 34 K to T = 131 K, and the interstellar radiation field on the star side is 1 Draine unit. The star-cloud distance in the second model is 0.99 pc. The ortho/para H 2 ratio in the cloud model equals to 1.4 and the total H 2 column density equals to 3.0 · 10 21 cm −2 . Column densities of H 2 energy levels in both models are shown on fig. 3 .
Conclusions
The ortho-para H 2 ratio on excited vibrational levels ((O/P) ν>0 = 1.2) differs from the O/P H 2 on the ground vibrational level ((O/P) ν=0,J=1 = 0.16).
It is possible to obtain column densities from large number of shallow absorption lines arising from the same ground level. The whole HST STIS spectrum should be fitted at once with a synthetic spectrum to derive column densities from a noisy spectrum.
